As an icon of sharing economy and product service systems, bicycle sharing is gaining an increasing global popularity, yet there is little knowledge about the environmental performance of this emerging traveling mode. To seek the answer to the question, the paper employs a survey-based method and a life cycle assessment (LCA) approach. We first conduct a questionnaire-based survey to identify the changes in traveling modes after the introduction of shared bicycles. The survey results show that the use of shared bicycles is more popular among young and low-income populations, and shared bicycles are predominantly used to replace walking and bus-taking. Based on the survey results, we model the environmental impacts of the changed traveling behaviors and the life cycle of shared bicycle with the aid of Gabi software. The LCA results shows that bicycle sharing is currently an environmentally friendly practice, as it brings environmental savings in all the indicators except metal consumption. Further, the results of sensitivity analysis show that aging, rising rental fees, and increasing volume of shared bicycles would impart negative impacts on the environmental performance of bicycle sharing. The findings of this work facilitate the management and development of bicycle sharing.
Introduction
As a representative of sharing economy and product service system (PSS), bicycle sharing has been adopted in major cities such as Shanghai, London, Chicago, and Paris [1, 2] . In China, it has reported that more than 23 M shared bicycles have been introduced and attracted 400 M users as of January 2018 [3] , the rapid development of bicycle sharing service has created over 100,000 jobs [4] . OFO, one of bicycle sharing startups in China, has approximately 8 M yellow-framed bicycles in more than 170 cities in nine countries. The company is reported to have approximately 25 M orders per day and 3 B cumulative orders through to July 2017 [5] . In March 2018, OFO received an investment of $866 M USD, setting a record for the bicycle sharing industry [6] . Bicycle sharing has also enjoyed a substantial growth in the United States from 2010 to 2016; the number of shared bicycles has reached over 42,000 in 2016, while the figure was only 1600 in 2010 [7] . However, the environmental sustainability of bicycle sharing is a center of controversy, as this traveling mode is under heavy criticisms, such as oversupply (1) The socioeconomic (demographic) information of the respondents, including age, gender, occupation, income, and location. This information is used to understand the persona of shared bicycle users. ( 2) The changes in traveling modes after the introduction of bicycle sharing are identified in terms of mileage per capita per week. Based on the previous literature that reports the use of shared bicycles [27] [28] [29] , options of original traveling means are thereby developed: bus, subway, private car/taxi, electric bicycle, private bicycle, and walking. The information is used to model the environmental impacts associated with replacing original traveling means with shared bicycles. (3) The perception, attitude towards the bicycle sharing, e.g., how the respondents view the number of existing shared bicycle in their city, and whether increasing the volume of shared bicycle will affect their traveling modes. This information is used to evaluate residents' attitudes toward bicycle sharing, with the objective of providing suggestions on managing this traveling mode.
Online survey is adopted in this study since it has the characteristics of wide coverage, high speed, convenience and high efficiency [30] . It is conducted during 20 January 2018 to 20 November 2018. To ensure the authenticity and representativeness of online survey results, the following measures are adopted:
(1) The questionnaire is published through WJX (www.wjx.cn), a survey app based on WeChat which is one of the most popular social networking platforms in the world, with over 1000 M monthly active users [31] . (2) Record the respondent's Internet Protocol (IP), to exclude duplicate responses from the same IP address, and to guarantee that the responses are taken from major Chinese cities where bicycle sharing has been introduced. (3) Only the returned questionnaires from the respondents over 12 years old are included. As Shared bikes are prohibited to provide services to users under the age of 12, the respondents of this paper are users over the age of 12 [32] .
Sustainability 2019, 11, 1550 4 of 25 (4) Record the time spent on filling out the questionnaire. According to the reading habits [33] , a questionnaire with a timespan of less than 15 s is considered as invalid. (5) Stratified adjustment [34] is conducted according to the number of shared bicycles in different levels of cities [35] , instead of age structure, because there is no data on the age structure of shared bicycle users. The aim of this adjustment is to correct possible bias in the different traveling demands, public transit infrastructures, and adoption rates of bicycle sharing in different levels of cities [36] .
The existing questionnaire processing techniques include descriptive statistic [37] [38] [39] , a simplest and most widely used method, regression analysis [40, 41] , correlation analysis and cluster analysis [42] [43] [44] . Since the purpose of the questionnaire in this paper is to observe the usage and attitude of different groups on bicycle sharing, the focus is to apply the replaced mileage of various alternative vehicles in subsequent calculation, this paper adopts the method of frequencies statistics and cross-analysis to deal with the collected questionnaire.
Life Cycle Assessment
Life cycle assessment (LCA) is a popular tool to assess environmental impacts associated with a product [45, 46] or a business model [47, 48] , and it has been widely employed in the environmental impacts of traveling modes like car, bus and rail [49, 50] . This study employs the LCA methodology to answer the question of "whether bicycle sharing is an environmental practice". According to the related ISO 14040 standard [51] , the LCA study includes four basic stages: goal and scope definition, life cycle inventory (LCI), life cycle impact assessment (LCIA), and interpretation [45, 46, 52] .
Goal and Scope
The objective of this LCA study is to assess whether the environmental impacts of the reduced mileage of other traveling modes that are replaced by shared bicycle can sufficiently offset the life cycle environmental burdens associated with shared bicycle.
Functional unit (FU) is defined as the quantified performance of a product system for use as a reference unit [45, 53] . Based on the previous LCA studies on bicycling [54] , the FU of this study is defined as "the complete life cycle of a 17 kg shared bicycle, with an aluminum frame and an expected lifespan of three years, and includes the reduced traveling process of the replaced vehicle during the life cycle". Considering the differences in residents' traveling behaviors on working days and weekends [55] , the questionnaire surveys the weekly mileages replaced by shared bicycles. The datasets for the LCA study are taken from the survey results, and public databases like Eco-Invent (EI), the datasets and assumptions are illustrated in the following subsection.
Adopting "zero burden assumption" and to be consistent with the goal of this LCA study, the system boundaries shall include the whole life cycle of a shared bicycle and the traveling process of alternative traveling modes, as the cradle-to-grave LCA method is approached in evaluating the whole systems, which is shown in Figure 1 . Considering the fact that replacing private bicycle and walking with shared bicycle do not change the environmental performance, system boundaries of this study only cover the first four types of vehicles. This study studies bicycle sharing of both private and public sectors, electric bicycle sharing and car sharing are not included. The processes in the studied system include (1) taking bus, (2) taking subway, (3) taking a private car/taxi, (4) using an electric bicycle, (5) producing a shared bicycle, (6) using a shared bicycle, (7) maintaining a shared bicycle, (8) recycling a shared bicycle, and (9) leaving a shared bicycle without disposal options. 
Inventory Analysis
In this study, both primary and secondary data are employed. Surveyed behavioral changes in traveling means are exploited as the primary data, the secondary data refers to the public datasets which cover a wide range of existing materials, traveling means and energy consumption processes. The overall environmental impacts can be calculated using Equation (1), details of the operational data and related assumptions for life cycle impact modeling are reported in this section, as shown in Table 1 . The inputs of each process are shown in Table A2 in Appendix A. Table 1 . Data and assumptions for the modelling of the process.
Process

Description of Datasets and Assumptions Used
Producing a shared bicycle Smart bicycle locks are the main difference between shared bicycles and ordinary bicycles. Since they are relatively small compared to the whole bicycle and lack of data, the environmental impact of producing a shared bicycle is equal to that of ordinary bicycle here. The EI dataset "Row: bicycle production [unit] " is used. This study assumes that an average shared bicycle weights around 17 kg including accessories like lights and carrier, and the frame material is made of aluminum.
Using a shared bicycle
The EI dataset "Row: transport, passenger, bicycle [person × km] " is used. The dataset reflects the traveling of one person one kilometer on a bicycle. Capacity utilization: 1 person. This dataset includes the operation of a bicycle and the use of road infrastructure. The mileage data of Shared bicycles are derived from the replaced mileage of various alternative vehicles in the questionnaire. Maintaining a shared bicycle
The EI dataset "GLO: maintenance, bicycle [unit] " is used. This dataset includes the maintaining of a bicycle throughout its life cycle.
Recycling a shared bicycle
The EI dataset "GLO: treatment of used bicycle [unit] " is used. The dataset reflects the disposal of a bicycle of 17 kg. Aluminum and steel parts are fully recycled. The reuse of recycled materials is not considered in this study. Plastics are assumed to be incinerated, though recycling could be more environmentally friendly [53] . This dataset includes the disposal of all remaining parts that are not recycled. Transport for recycled materials is also included. It also assumed that 5% of shared bikes are recycled. 
Inventory Analysis
Process
Description of Datasets and Assumptions Used
Producing a shared bicycle Smart bicycle locks are the main difference between shared bicycles and ordinary bicycles. Since they are relatively small compared to the whole bicycle and lack of data, the environmental impact of producing a shared bicycle is equal to that of ordinary bicycle here. The EI dataset "Row: bicycle production [unit]" is used. This study assumes that an average shared bicycle weights around 17 kg including accessories like lights and carrier, and the frame material is made of aluminum.
Using a shared bicycle
The EI dataset "Row: transport, passenger, bicycle [person × km]" is used. The dataset reflects the traveling of one person one kilometer on a bicycle. Capacity utilization: 1 person. This dataset includes the operation of a bicycle and the use of road infrastructure. The mileage data of Shared bicycles are derived from the replaced mileage of various alternative vehicles in the questionnaire.
Maintaining a shared bicycle The EI dataset "GLO: maintenance, bicycle [unit] " is used. This dataset includes the maintaining of a bicycle throughout its life cycle.
Recycling a shared bicycle
The EI dataset "GLO: treatment of used bicycle [unit] " is used. The dataset reflects the disposal of a bicycle of 17 kg. Aluminum and steel parts are fully recycled. The reuse of recycled materials is not considered in this study. Plastics are assumed to be incinerated, though recycling could be more environmentally friendly [53] . This dataset includes the disposal of all remaining parts that are not recycled. Transport for recycled materials is also included. It also assumed that 5% of shared bikes are recycled. The environment performance of bicycle sharing is determined by the traveling process of alternative traveling modes and the environmental impacts of a shared bicycle's full life cycle. The overall environmental impacts can be calculated using Equation (1):
where S is the mid-or end-level indicators, and its value determines whether bicycle sharing is a burden or a savior to the environment; B is the environmental impacts associated with the whole life cycle of a shared bicycle; F stands for the reduced environmental impacts associated with replacing other traveling means with shared bicycles; Pro represents the environment impacts arising from the production of one shared bicycle; Rid represents the environment impacts arising from the use of a shared bicycle per kilometer; Maint represents the environment impacts arising from the maintenance of a shared bicycle; Rec represents the environment impacts arising from the recycling of a shared bicycle; NoD represents the environment impacts of leaving a shred bicycle without disposal options, which can be calculated based on the type and amount of material in one shared bicycle, as detailed in Table A2 in the Appendix A; a i represents the mileages of one user each week that shared bicycle instead of other traveling modes, which can be obtained by questionnaire, and the median value of the questionnaire option interval serves as the alternative mileage in this case; i can be 1,2,3,4 representing bus, private car/taxi, electric bicycle, subway, respectively; f i represents the environment impacts of the corresponding traveling modes that are replaced by bicycle sharing; VoU represents the volume of active shared bicycle users since it is more representative of the number of users using shared bicycles, and the current number of VoU is 56.53 million [56] ; VoB represents the volume of shared bicycle, and the current number of VoB is 23 million [3]; and Weeks represents the number of weeks during a shared bicycle's life cycle, which is three years, 156 weeks in this scenario.
Impact Assessment
As an up-to-date LCA method, the ReCiPe method has been applied on modeling traveling behaviors [50, 57] . The following mid-point indicators of the ReCiPe method are selected: Global warming potential (GWP, in kg CO 2 eq), fossil depletion potential (FDP, in kg oil eq), freshwater ecotoxicity potential (FETP, in kg 1,4 DB eq), freshwater eutrophication potential (FEP, in kg P eq), human toxicity potential (HTP, in kg 1,4-DB eq), ionizing radiation potential (IRP, in kg U235 eq), marine ecotoxicity potential (METP, in kg 1,4-DCB-eq), marine eutrophication potential (MEP, in kg N-eq), metal depletion potential (MDP, in kg Fe eq), particulate matter formation potential (PMFP, in kg PM10-eq), and photochemical oxidant formation potential (POFP, in kg NMVOC). Three end-point ReCiPe indicators are selected, namely, ecosystem quality, human health, and resources. It is worth mentioning that the selected indicators measure the potential environmental impacts rather than the actual impacts. 
Sensitivity Analysis
A sensitivity analysis is carried out to assess the fluctuations in LCA results by changing individual assumptions and parameter specifications [58] . In this study, the influences of the potential changes are investigated in the following four aspects: (1) the population structure, (2) the rental fee of shared bicycle, (3) the service life of shared bicycle, and (4) the volume of shared bicycle. The current situations of these four aspects are denoted as "base scenario", which have been described in inventory analysis section and based on the current situation.
(1) Population structure China is aging rapidly [59] . According to Szeto et al. [60] , the traveling mode of elderly residents is quite different from that of young ones; aged groups favor shorter walking distance and more seat availability. In the analysis of this aspect, age structure is taken as an independent variable to explore the effect on the replaced mileages and LCA results. Based on the literature on behaviors and attitudes [61, 62] , this study assumes that the attitude of the same age group to the shared bicycle is unchanged. The population-age ratios of China from 2015-2035 are obtained from the report of United Nations Population Division (UNPD) [63] , the current population-age ratio of shared bicycle users is obtained from the survey. The population-age ratio of shared bicycle users for the forthcoming years are calculated based on assumptions that the proportion of shared bicycle users in different age groups remain the same, which can be calculated using Equation (2) . Table 2 shows the population-age ratios and the estimated ratios of shared bicycle users. By changing the population-age ratio of shared bicycle users, it will affect the mileages that shared bicycle instead of other traveling modes, namely a i in Equation (1), and we obtain the changed LCA results relative to that of the base scenario:
Population − age ratio in 2015 Population − age ratio in N year = Population−age ratio of shared bicycle users in 2015 Population−age ratio of shared bicycle users in N year (2) where N is the year, and N can be 2020, 2025, 2030, or 2035. The population-age ratios of China from 2015-2035 are obtained from the report of UNPD 64, the current population-age ratio of shared bicycle users is obtained from the survey. (2) The rental fee of shared bicycles In this study we assume the rental fee and demand follow the principal of the demand curve [64] ; in general, the quantity demanded for a commodity is low when its rental fee is high, and high when its rental fee is low. In February 2018, the rental fee of Mobike and OFO's monthly card raised from 1 to 20 RMB [65] , which may affect users' decisions. Referring to commuting and driving elasticity coefficients [66, 67] , this paper assumes that the elasticity coefficient of shared bicycle price is 0.15, that is, when the rental fee of shared bicycle increases by 10%, the demand for shared bicycles decreases by 1.5% and the demand for other traveling modes increases by 1.5%. We explore the changes in LCA results relative to that of the base scenario when the range of rental fee variation is set between 80% and 120%.
(3) The service life of shared bicycles The environmental friendliness of bicycle sharing depends on the environmental impact of its replacement process, which is related to its service life. Short service life may lead to insufficient environmental impact saved by the replacement process to offset the environmental impact of its production, maintenance, and recycling processes, while prolonged service life may lead to a greater maintenance rate, thus resulting in a poor user experience [68] . This study assumes that the change in the shared bicycle's service life is positively related to the environmental impacts of maintaining a shared bicycle. We explore the changes in LCA results relative to that of the base scenario when the service life is set as a year (52 weeks), two years (104 weeks), and three years (156 weeks), four years (208 weeks), and five years (260 weeks).
(4) The volume of shared bicycles The large-scale diffusion of bicycle sharing leads to low usage rate [69] , cost inefficiency [70] , and traffic congestion, but its impact on environmental performance has yet to be verified. A survey shows that the idle rate of shared bicycles is around 50% [71] . Hence, it is assumed that changing the volume of shared bicycle only affect the idle rate rather than usage. We explore the changes in LCA results relative to that of the base scenario when the volume of shared bicycles is set to 50%, 75%, 125%, and 150% of the current volume.
Results
Survey Results
After eliminating respondents under the age of 12 and non-shared bicycle users, the total number of returned questionnaires is 525. Excluding all foreign IP addresses, IPs from the cities where there are no shared bicycles and questionnaires with less than 15 s, the total number of valid questionnaires is 507; the availability rate is 97.3% with an average completion duration of 1 min. According to Leedy and Ormrod [72] , sample size over 400 is acceptable for a large population even for national scale. The valid questionnaires cover 30 provinces, 109 cities of China. It is observed that the proportion of valid respondents is consistent with the users' geographical distribution in different city categories [73] , as shown in Table 3 , indicating that the stratification of the questionnaire is valid and the questionnaire is representative. The socioeconomic characteristics of respondents is shown in Figure A1 in the Appendix A. Among the 507 effective questionnaires, there is a bias in the sample that toward female (59%), 12-24 years (70.36%), students (66.92%), and low income (0-3000 RMB per month) (64.63%) respondents. The characteristics of shared bicycle users in this survey are consistent with Wang's survey results [74] and the survey results of Shaheen et al. [75] , hence, we do not correct for the age bias. The demographic composition implies that young residents are more willing to complete the questionnaires. Figure 2 shows that 80.16% of respondents between 12-24 years are students, and 77.72% of this group are low-income earners.
Among the 507 effective questionnaires, there is a bias in the sample that toward female (59%), 12-24 years (70.36%), students (66.92%), and low income (0-3000 RMB per month) (64.63%) respondents. The characteristics of shared bicycle users in this survey are consistent with Wang's survey results [74] and the survey results of Shaheen et al. [75] , hence, we do not correct for the age bias. The demographic composition implies that young residents are more willing to complete the questionnaires. Figure 2 shows that 80.16% of respondents between 12-24 years are students, and 77.72% of this group are low-income earners.
(a) (b) Figure 2 . Cross analysis of respondents' socioeconomic characteristics: (a) gender and age, and (b) income level (RMB per month) and age.
Processes Replaced by Bicycle Sharing
The socioeconomic characteristics of the respondents are linked to the changes in their traveling modes, as shown in Figure 3 . Figure 3a shows that shared bicycle is predominantly used to substitute walking and bus taking; this observation is consistent with the finding of Fishman et al. [76] . It is shown that the modal shift from taking private car/taxi, riding on electric bicycle, taking subway, and walking to shared bicycles between female and male users are similar, in general, but have some noticeable differences. Female users are more likely to replace buses with shared bicycles and less to replace their own bicycles. This can be explained by the fact that more males owned and used private bicycles before the introduction of bicycle sharing [60] . Figure 3b shows that the introduction of bicycle sharing has the greatest impact on respondents between 25-35 years, while for other age fractions, shared bicycle has little influences on their traveling behaviors. For the respondents between 46-55 years, the introduction of shared bicycles has less impact on their traveling modes of taking subway and riding electric bicycle; the observation is consistent with the findings of Szeto et al. [60] . For the respondents between 12-24 years, shared bicycles are mainly used to replace walking. This is due to the age group is generally consisted of students; their short-trip traveling destinations are generally either school or home, walking is the predominant traveling means of these respondents [77] . For the respondents between 25-35 years, shared bicycle replaces subway at a higher frequency. This can be explained that people of this age group are most likely to be office workers, and subway is their favored traveling mean [78] . Similarly, bicycle sharing has a moderate impact on the traveling modes of the respondents between 36-45 years, as their traveling modes have been affected to a similar extent. Figure 3c shows that traveling mode shift for lower income earners (0-3000 RMB per month) is mainly from bus taking or walking to riding shared bicycle, whilst higher income respondents (6000-9000 RMB per month) substituted more car/taxi trips than the lower income ones, and their major substituted modes are still bus, walking, and private bicycles. The differences in the original traveling modes of people with different income levels can be explained by Fishman et al. [76] ; higher income earners tend to choose faster and more comfortable traveling means. 
The socioeconomic characteristics of the respondents are linked to the changes in their traveling modes, as shown in Figure 3 . Figure 3a shows that shared bicycle is predominantly used to substitute walking and bus taking; this observation is consistent with the finding of Fishman et al. [76] . It is shown that the modal shift from taking private car/taxi, riding on electric bicycle, taking subway, and walking to shared bicycles between female and male users are similar, in general, but have some noticeable differences. Female users are more likely to replace buses with shared bicycles and less to replace their own bicycles. This can be explained by the fact that more males owned and used private bicycles before the introduction of bicycle sharing [60] . The results of this survey that the mileages of using shared bicycle to replace other four traveling means per week of different age groups, is shown in Table 4 . The results suggest that bicycle sharing affects all travel modes, consistent with Shaheen's survey [75] . We calculate the replaced mileages of four traveling means according to age-level, and then multiply by the corresponding population-age ratio of shared bicycle users (Figure 2b) to get an average mileage of general population, that is, in Equation (1). behaviors. For the respondents between 46-55 years, the introduction of shared bicycles has less impact on their traveling modes of taking subway and riding electric bicycle; the observation is consistent with the findings of Szeto et al. [60] . For the respondents between 12-24 years, shared bicycles are mainly used to replace walking. This is due to the age group is generally consisted of students; their short-trip traveling destinations are generally either school or home, walking is the predominant traveling means of these respondents [77] . For the respondents between 25-35 years, shared bicycle replaces subway at a higher frequency. This can be explained that people of this age group are most likely to be office workers, and subway is their favored traveling mean [78] . Similarly, bicycle sharing has a moderate impact on the traveling modes of the respondents between 36-45 years, as their traveling modes have been affected to a similar extent. Figure 3c shows that traveling mode shift for lower income earners (0-3000 RMB per month) is mainly from bus taking or walking to riding shared bicycle, whilst higher income respondents (6000-9000 RMB per month) substituted more car/taxi trips than the lower income ones, and their major substituted modes are still bus, walking, and private bicycles. The differences in the original traveling modes of people with different income levels can be explained by Fishman et al. [76] ; higher income earners tend to choose faster and more comfortable traveling means.
The results of this survey that the mileages of using shared bicycle to replace other four traveling means per week of different age groups, is shown in Table 4 . The results suggest that bicycle sharing affects all travel modes, consistent with Shaheen's survey [75] . We calculate the replaced mileages of four traveling means according to age-level, and then multiply by the corresponding population-age ratio of shared bicycle users (Figure 2b ) to get an average mileage of general population, that is, α i in Equation (1). As shown in Figure 4a , 72.19% of respondents can easily find a shared bicycle when they need, while 19.62% of respondents could find a shared bicycle all the time, indicating that the supply of shared bicycle is basically sufficient in the opinion of most respondents. Figure 4b shows that 47.81% of respondents believe that the volume of shared bicycle is suitable, while 27.81% of respondents thought that there are already are too many shared bicycles. Most of the respondents (83.11%) expressed their willingness towards using shared bicycles (Figure 4d ), regardless whether they think of the number of existing shared bicycles is sufficient. The quantitative impacts of increased the number of shared bicycles needs to be further explored. Table 5 shows the mid-point LCA results of shared bicycle. The value of the selected eleven impact categories, except MDP, are negative, indicating that the environmental savings of using shared bicycles are sufficient to offset the environmental impacts of shared bicycles arising from their entire life cycles. This work partially quantitatively proves the assertion of Caggiani et al. [9] , which regards shared bicycles as a sustainable carbon-free mode of transportation, and deem it can significantly reduce pollution. However, the results show that bicycle sharing is environmental unfavorable in terms of metal depletion.
Results of Life Cycle Assessment
Compared to the original traveling modes, the environmental savings of one bicycle sharing are 383.9922 kg CO2 eq, 150.4658 kg oil eq, 79.1909 kg 1,4-DB eq, and 2.5644 kg Fe eq during its life cycle. The CO2 savings are equivalent to 52.08 kg per bicycle sharing user per year. However, in the work of Zhang and Mi [15] , bicycle sharing in Hongkou district, Shanghai resulted in a decrease of 2.9 kg CO2 emissions per resident in 2016. The gap between these results is quite significant, and it can be explained by the following three reasons. First, the research scopes are different: only users of shared bicycles are included in this work, while the work of Zhang and Mi [15] covered all residents in Hongkou district, Shanghai, including both bicycle sharing users and non-users. Second, Zhang and Mi [15] only considered that shared bicycles are used to replace taxis, while this study tends to include all traveling means that can be replaced by the use of shared bicycles, such as subway and bus-taking. Third, the frequency of shared bicycle use is increasing. Table 5 shows the mid-point LCA results of shared bicycle. The value of the selected eleven impact categories, except MDP, are negative, indicating that the environmental savings of using shared bicycles are sufficient to offset the environmental impacts of shared bicycles arising from their entire life cycles. This work partially quantitatively proves the assertion of Caggiani et al. [9] , which regards shared bicycles as a sustainable carbon-free mode of transportation, and deem it can significantly reduce pollution. However, the results show that bicycle sharing is environmental unfavorable in terms of metal depletion. [15] , bicycle sharing in Hongkou district, Shanghai resulted in a decrease of 2.9 kg CO 2 emissions per resident in 2016. The gap between these results is quite significant, and it can be explained by the following three reasons. First, the research scopes are different: only users of shared bicycles are included in this work, while the work of Zhang and Mi [15] covered all residents in Hongkou district, Shanghai, including both bicycle sharing users and non-users. Second, Zhang and Mi [15] only considered that shared bicycles are used to replace taxis, while this study tends to include all traveling means that can be replaced by the use of shared bicycles, such as subway and bus-taking. Third, the frequency of shared bicycle use is increasing.
The decomposition of the LCA results into the processes that belong to the studied system is displayed in Figure 5a . It shows that the environment impacts of each traveling process can be ranked in a descending order: taking a private car/taxi and bus, taking subway, using a shared bicycle, and using an electric bicycle. This result is inconsistent with the sequence of traveling means ranked according to annual greenhouse gas emissions [79] ; the order was: car taking, bus-taking, and subway-taking. The reason behind this difference lies in the different coverages of the two works; this study explores the travel of Chinese residents of all ages, while Czepkiewicz et al. [79] studied the travelling behaviors of Dutch residents aged 25-40. People of different ages in different regions might have distinctively different traveling patterns. This order proposed in this work indicates that replacing buses and private car/taxi by shared bicycles can bring are more environmental benefits, mainly attributing to the longer distances traveled by these means, see Table 4 .
In Figure 5b , the LCA results are displayed according to the individual processes that belong to each life cycle of shared bicycle. It is shown that the overall life cycle of shared bicycles is a burden to the environment, and the producing process accounts for almost 50% of the overall normalized impact values. This is probably due to the consumption of 7.53 kg aluminum and 6.49 kg steel. The environmental impacts of the recycling process are minor but yet positive, because the recycling process does not include the reuse of recycled materials. Remarkably, the environmental impact of leaving a shared bicycle without disposal options is nearly ten times that of the recycling process, although they make up a small proportion of the entire cycle of a shared bicycle. However, it is necessary to increase the recycling rate of shared bicycles since it is significant for the sum of 23 million vehicles, although increasing the recycling rate has little impact on the life cycle environmental impact of one bicycle. Figure 5c ,d shows that the LCA results are displayed according to age. It's interesting to note that the contribution of users between 12-24 years to the bicycle sharing's environmental friendliness is less than that of users between 25-35 years and 36-45 years, although the number of users between 12-24 years is the highest. Combined with Table 4 , users between 25-35 years have the highest average mileages using shared bicycles to replace other traveling means, followed by those between 36-45 years. This shows that opening up the 25-35 year old user market and increasing its user stickiness would bring more environmental benefits to bicycle sharing. The end-point environmental impacts of all studied processes are displayed in Figure 6 . Figure  6a shows that compared to the original traveling modes, using shared bicycles can improve 8.46 points in term of ecological quality, 16.60 points in human health, saves 17.84 points in resources, and brings a total of 42.90 points of environmental benefits through the life cycle of a shared bicycle. In Figure 6b , the descending order of environmental impact of each process in the end-point results are consistent with those of mid-point results in Figure 5a . The results suggest that replacing electric bicycles by shared bicycles would not bring noticeable environmental benefits. Reducing the impacts from the production and using process can significantly diminish the overall life cycle environmental impacts of shared bicycles. The end-point environmental impacts of all studied processes are displayed in Figure 6 . Figure 6a shows that compared to the original traveling modes, using shared bicycles can improve 8.46 points in term of ecological quality, 16.60 points in human health, saves 17.84 points in resources, and brings a total of 42.90 points of environmental benefits through the life cycle of a shared bicycle. In Figure 6b , the descending order of environmental impact of each process in the end-point results are consistent with those of mid-point results in Figure 5a . The results suggest that replacing electric bicycles by shared bicycles would not bring noticeable environmental benefits. Reducing the impacts from the production and using process can significantly diminish the overall life cycle environmental impacts of shared bicycles. The end-point environmental impacts of all studied processes are displayed in Figure 6 . Figure  6a shows that compared to the original traveling modes, using shared bicycles can improve 8.46 points in term of ecological quality, 16.60 points in human health, saves 17.84 points in resources, and brings a total of 42.90 points of environmental benefits through the life cycle of a shared bicycle. In Figure 6b , the descending order of environmental impact of each process in the end-point results are consistent with those of mid-point results in Figure 5a . The results suggest that replacing electric bicycles by shared bicycles would not bring noticeable environmental benefits. Reducing the impacts from the production and using process can significantly diminish the overall life cycle environmental impacts of shared bicycles.
(a) (b) Figure 6 . End-point environmental impacts of all processes within the bounds of the system: (a) the end-point results of all processes within the bounds of the system, and (b) split of the end-point LCA results into the individual processes. 
Results of Sensitivity Analysis
By adjusting the assumptions of input parameters according to Section 2.2.4, the percentage changes of LCA results relative to the base scenario are obtained, which are shown in Figure 7 . The results of sensitivity analysis show that the increases in the aged population, rental fee rising, and volume of shared bicycles increasing would impart negative impacts on the environmental performance, while prolonging the service life has a positive impact on the overall environmental performance.
By adjusting the assumptions of input parameters according to Section 2.2.4., the percentage changes of LCA results relative to the base scenario are obtained, which are shown in Figure 7 . The results of sensitivity analysis show that the increases in the aged population, rental fee rising, and volume of shared bicycles increasing would impart negative impacts on the environmental performance, while prolonging the service life has a positive impact on the overall environmental performance. The processes affected by selected sensitivity factors are sorted into two categories: one is the usage of various traveling modes, assuming the sum of these traveling processes' environmental impacts is k; the other is the producing, maintaining and recycling shared bicycles, assuming the sum of these life cycle processes' environmental impacts is b. The four studied variables impart their most significant impacts on the category of MDP, where the ratio of k to b is close to −1. For the other ten categories, the ratio of k to b is between −8 to −2. In other words, the values of MDP are more sensitive to the changes in the selected factors.
Effects of Population Structure
It can be seen from Figure 7a that the environmental benefits of all the categories decrease with the aging population. This is attributed to that older residents use bicycles at a much lower frequency; as the proportion of older residents increases, the replaced mileages will decrease. Figure 7a shows that from 2015 to 2035, the values of all the categories except MDP will drop by 12.12%, 3.17%, −0.31%, and 2.88% relative to the LCA results of the base scenario from the previous period, and the value of MDP would be decreased by an average extent of 87.05%, 26.23%, 0.87%, and 28.75% of the base scenario. The fastest decreases of the environmental benefits during 2015-2020 can be attributed to the rapid decline in the proportion of residents aged 12-24, who are the major users of shared bicycles. The results indicate that the aging population is negative for the environmental benefits of shared bicycles. Combining the results presented in Section 3.2., increasing the number and stickiness of users aged 25-45 can offset the negative impact of aging to some extent. The processes affected by selected sensitivity factors are sorted into two categories: one is the usage of various traveling modes, assuming the sum of these traveling processes' environmental impacts is k; the other is the producing, maintaining and recycling shared bicycles, assuming the sum of these life cycle processes' environmental impacts is b. The four studied variables impart their most significant impacts on the category of MDP, where the ratio of k to b is close to −1. For the other ten categories, the ratio of k to b is between −8 to −2. In other words, the values of MDP are more sensitive to the changes in the selected factors.
Effects of Rental Fees
Effects of Population Structure
It can be seen from Figure 7a that the environmental benefits of all the categories decrease with the aging population. This is attributed to that older residents use bicycles at a much lower frequency; as the proportion of older residents increases, the replaced mileages will decrease. Figure 7a shows that from 2015 to 2035, the values of all the categories except MDP will drop by 12.12%, 3.17%, −0.31%, and 2.88% relative to the LCA results of the base scenario from the previous period, and the value of MDP would be decreased by an average extent of 87.05%, 26.23%, 0.87%, and 28.75% of the base scenario. The fastest decreases of the environmental benefits during 2015-2020 can be attributed to the rapid decline in the proportion of residents aged 12-24, who are the major users of shared bicycles. The results indicate that the aging population is negative for the environmental benefits of shared bicycles. Combining the results presented in Section 3.2., increasing the number and stickiness of users aged 25-45 can offset the negative impact of aging to some extent. Figure 7b shows that the environmental benefits would be decreased with the increasing rental fee. It is for this reason that higher rental fees will lead to fewer users, and the mileages of other traveling means that are replaced by shared bicycles will be reduced, resulting in lower environmental benefits. In terms of the 10 categories other than MDP, every 10% increase in the rental fee would reduce the environmental benefits by 2.40% relative to those of the base scenario. For MDP, every 10% increase in the rental fee reduces the value of MDP by 18.61% relative to the LCA results of the base scenario; the negative correlation is much more significant than the other 10 indicators. This section shows that raising the rental fee has little impacts on the environment but will undoubtedly increase the income. Figure 7c shows that the longer service life of shared bicycles generally brings more categorized environmental benefits, due to that the increased replaced mileages. When the service life of shared bicycles is one year (52 weeks), most of the selected factors, such as FETP, FEP, HTP, and METP, have positive environmental impact values, indicating that bicycle sharing is environmentally unfriendly. When the service life of shared bicycle is assumed to be two years (104 weeks), the environmental impacts of all categories except MDP are negative, indicating that bicycle sharing is environmentally favorable when the service life is two years. Bicycle sharing is an environmental practice in terms of metal consumption, provided that the service life of a shared bicycle is no less than four years (208 weeks). However, the MTC stipulates that shared bicycles must be scrapped for three years [80] .
Effects of Rental Fees
Effects of Service Life
Effects of Volume
It can be seen from Figure 7d that a decrease in the volume of shared bicycles generally brings more categorized environmental benefits. This is attributed to the idea that the reduction of idle shared bicycles will not affect people's travel choices; it greatly reduces the environmental impact caused by the production of shared bicycles. The changes in the environmental benefits become increasingly obvious when the volume of shared bicycles is reduced from 150% to 50%. In particular, the environmental benefits are basically increased by 100% when the quantity drops from 75% to 50%. This suggests that reducing the current volume of shared bicycles can lead to significant environmental improvements. When the volume of shared bicycles is assumed to be 75% of the current volume, the environmental impacts of all categories are negative; the use of shared bicycles is still an environmentally friendly traveling mode.
Discussion
To maximize the environmental benefits of sharing bicycles, recommendations for business practitioners and administrators are proposed as follows:
For business practitioners, first, the use of environmentally-friendly materials in shared bicycles should be encouraged. The LCA results show that a significant proportion of the environmental impacts of shared bicycles are attributed to the materials used (Section 3.2). Therefore, the use of more environmentally friendly materials can be a feasible measure to further reduce the environmental burdens. Currently, bicycle sharing companies are taking actions to adopt more environmental materials in their bicycles. Mobike, for example, changed to the body of shared bicycles from 25 kg of aluminum to 18 kg of steel [81] . According to the EI databases, this change in material and weight reduces 0.91 kg CO 2 eq, 0.47 kg 1,4-DB eq, and 0.02 kg Fe eq. Second, bicycle sharing enterprises can relieve their financial pressure by appropriately increasing rent fee, without impart any significant impacts on the overall life cycle environmental performance. Third, business practitioners can achieve greater environmental benefits by encouraging young customers to use shared bicycles for long distances and tapping into potential customers aged 25-45. Various methods of making bicycle sharing more available can be found in Gleason's report [82] and Nair's report [83] .
For administrator, first, the implementation of legislative measures such as Extended Producer Responsibility (EPR) should be supervised. EPR requires a throughout life cycle management of products or services, a regulatory measure that has been proposed in many countries [84] . According to the results that are presented in Section 3.2, without recycling, the environmental burdens would be significantly increased. Second, the administrator needs to control the volume of shared bicycles. Bicycle sharing companies and their venture capitalists believe in a winner-takes-all model [85, 86] , therefore, they always oversupply shared bicycles without bearing any necessary administrative costs, significantly reducing the environmental benefits of bicycle sharing. The administrator should set up a proper range for the number of available shared bicycles [87] to reduce the environmental impacts and the administrative expenses simultaneously.
Conclusions
To seek the answer to the question of "whether the bicycle sharing is an environmental practice", this study obtains the changes in traveling modes after the introduction of bicycle sharing through a questionnaire-based online survey. The LCA results confirm that bicycle sharing is an environment practice in ten selected ReCiPe impact categories, except MDP, at the mid-point level and the end-point level; 80% of the environment savings are associated with the replaced traveling processes of taking bus and private car or taxi attributing to the longer distances. Recycling would also alleviate the environmental burdens of shared bicycles. The sensitivity analysis suggests that bicycle sharing enterprises should increase the attraction and stickiness to people aged 25-45, because these users bring more environmental benefits than younger generation due to higher average mileages using shared bicycles to replace other traveling means. The results imply that the increase the rental fees can ensure the sustainability of economic performance without compromising the overall environmental performance. Further, the service life of shared bicycle should more than two year, to ensure the environmental friendliness of this emerging "sustainable" traveling mode. Moreover, reducing the current volume of shared bicycle by half can lead to significant environmental improvements.
Future research can be carried out in accordance with the following directions. First, new methods can be employed to acquire shared bicycle users' detailed traveling behaviors, offering a more comprehensive view that includes all urban traveling means. Another aspect of interest is to combine the economic and environmental data to quantitatively analyze its equilibrium status and influencing factors. The models should also consider quantitative indicators, such as the volume of shared bicycles on usage in future study efforts. The mileages of one user each week that shared bicycle instead of other traveling modes, which can be obtained by questionnaire, and the median value of the questionnaire option interval serves as the alternative mileage in this case; i can be 1, 2, 3, 4 representing bus, private car/taxi, electric bicycle, or subway, respectively. B
The environmental impacts associated with the whole life cycle of a shared bicycle.
F
The reduced environmental impacts associated with replacing other traveling means with shared bicycles.
The environment impacts of the corresponding traveling modes that are replaced by bicycle sharing.
Maint
The environment impacts arising from the maintenance of a shared bicycle, which can be obtained from EI dataset. N The year, it can be 2020, 2025, 2030, 2035.
NoD
The environment impacts arising from leaving a shared bicycle without disposal options.
Pro
The environment impacts arising from the production of a shared bicycle, which can be obtained from EI dataset.
Rid
The environment impacts arising from the use of a shared bicycle of one kilometer, which can be obtained from EI dataset.
Rec
The environment impacts arising from the recycling of a shared bicycle, which can be obtained from EI dataset.
S
The mid-or end-level indicators.
VoB
The volume of shared bicycle, and the current number of VoB is 23 million [3].
VoU
The volume of active shared bicycle users since it is more representative of the number of users using shared bicycles, and the current number of VoU is 56.53 million [57] .
Weeks
The number of weeks during a shared bicycle's life cycle, which is three years, 156 weeks in this scenario .   Table A1 . The online questionnaire-the influence of the appearance of shared bicycles on residents' traveling modes.
Segments Questions Options
Socio-economic (demographic) information 
